Moesin is a member of the ERM family, a family of cross-linkers between the plasma membrane and the actin cytoskeleton, which are known to be activated by phosphorylation. Previously, we reported the RhoA and Rho kinase-dependent phosphorylation of moesin at Thr-558 in hippocampal neuronal cells by glutamate. Here we studied the induction of moesin phosphorylation by KCl (60 mM) in PC12 cells. Moesin phosphorylation at Thr-558 was increased after 2 min of KCl treatment, peaked at 5 min, and returned to the basal level by 60 min. KCl also activated Rac1, but not RhoA, in PC12 cells, and KCl-induced moesin phosphorylation was suppressed in dominant negative Rac1 (N17 Rac1)-expressed cells. The inhibition of protein kinase A (PKA), known as an upstream kinase of Rac1, abolished Rac1 activation and moesin phosphorylation by KCl. Interestingly, the phosphorylation of moesin by KCl was independent of KCl-induced membrane depolarization and calcium influx but was dependent on KCl-induced chloride conductance. 60 mM KCl induced chloride conductance in PC12 cells, and pretreatment with Cl ؊ channel blocker abolished Rac1 activation and moesin phosphorylation by KCl. These results suggest that the phosphorylation of moesin at Thr-558 in PC12 cells by KCl treatment is PKA-and Rac1-dependent and that KCl-induced chloride conductance is involved in the activation of this signaling system.
Moesin is a member of the ERM family, a family of cross-linkers between the plasma membrane and the actin cytoskeleton, which are known to be activated by phosphorylation. Previously, we reported the RhoA and Rho kinase-dependent phosphorylation of moesin at Thr-558 in hippocampal neuronal cells by glutamate. Here we studied the induction of moesin phosphorylation by KCl (60 mM) in PC12 cells. Moesin phosphorylation at Thr-558 was increased after 2 min of KCl treatment, peaked at 5 min, and returned to the basal level by 60 min. KCl also activated Rac1, but not RhoA, in PC12 cells, and KCl-induced moesin phosphorylation was suppressed in dominant negative Rac1 (N17 Rac1)-expressed cells. The inhibition of protein kinase A (PKA), known as an upstream kinase of Rac1, abolished Rac1 activation and moesin phosphorylation by KCl. Interestingly, the phosphorylation of moesin by KCl was independent of KCl-induced membrane depolarization and calcium influx but was dependent on KCl-induced chloride conductance. 60 mM KCl induced chloride conductance in PC12 cells, and pretreatment with Cl ؊ channel blocker abolished Rac1 activation and moesin phosphorylation by KCl. These results suggest that the phosphorylation of moesin at Thr-558 in PC12 cells by KCl treatment is PKA-and Rac1-dependent and that KCl-induced chloride conductance is involved in the activation of this signaling system.
Moesin is a member of the ERM 1 (ezrin/radixin/moesin) family proteins, which also includes band 4.1 and merlin. ERM proteins consist of three domains: a globular domain at the N-terminal half, which is conserved among the members of the band 4.1 superfamily and is referred to as the FERM (4.1 and ERM) domain, a membrane-binding domain, and an extended ␣-helical, charged C-terminal domain, which contains a consensus sequence motif for actin binding. Thus, ERM proteins have been suggested to function as cross-linkers between actin filaments and plasma membranes, and to be involved in microvilli formation, cell adhesion, cell motility, cytokinesis, phagocytosis, and the integration of membrane transport with signaling pathways (1) .
The ERM proteins are phosphorylated in growth factor-stimulated cells (2, 3) . In thrombin-activated platelets, moesin is phosphorylated at a specific C-terminal threonine 558 residue (Thr-558), causing filopodia formation (4) . Moreover, in vitro functional analysis suggested that C-terminal threonine phosphorylation maintains ERM proteins in the active state by suppressing intramolecular interaction (5) . ERM proteins are phosphorylated and then relocalized to apical membrane protrusions in a RhoA-dependent manner in fibroblasts (6) , and at least one of the ERM proteins was shown to be required for the RhoA-dependent formation of stress fibers and focal contacts in Swiss 3T3 cells (7) . In fibroblasts, ERM proteins are essential for Rho-and Rac-induced cytoskeletal reorganization (7) . In addition, the expression of constitutively active mutants of the small GTPase family, Rho, Rac and Cdc42, induce phosphorylation on the C-terminal threonine residue of ERM proteins (8) . In a previous report (9) , we also demonstrated that glutamate induces the phosphorylation of moesin at Thr-558 through RhoA and Rho kinase activation in hippocampal neuronal cells.
During development and regeneration, neurons grow over large distances in a process controlled by extrinsic factors and cytoskeletal interactions, and the suppression of radixin and moesin was found to alter growth cone morphology, motility, and process formation in primary cultured neurons (45) . In addition, functional studies have established that, in sympathetic neurons, growth cone collapse induced by nerve growth factor deprivation is concomitant with a significant decrease in the radixin of growth cones (10) . In the mature peripheral nervous system, local ERM activation is implicated in the efficient formation of the nodes of Ranvier and Schwann cell differentiation (11) . Taken together, these observations suggest that the localization of ERM protein may be essential for the formation of neuronal growth cones and axons. Previously, we reported that electroconvulsive shock (ECS) induced the phosphorylation of moesin at Thr-558 in the rat hippocampus (9) . ECS is used to treat psychiatric disorders such as depression, schizophrenia, and manic-depressive illness. Although the mechanism of the treatment has not been elucidated, ECS has been reported to increase neurotransmitters and cAMP in rat brain (12, 13) , which led us to study the phosphorylation of moesin in hippocampal neuronal cells by glutamate stimulation. Because ECS is an electrical stimulus, and convulsion represents the depolarization of the neurons in the brain, it was very probable that the depolarization of neuronal cells induced by electricity may affect brain function and thus exert a therapeutic effect (33) . Therefore, it is possible that ECS may induce moesin phosphorylation in the hippocampus by inducing depolarization in neuronal cells. So, we studied whether KCl-induced membrane depolarization increases moesin phosphorylation in PC12 cells. KCl-induced membrane depolarization is expected to activate voltage-gated Ca 2ϩ channels, and the subsequent Ca 2ϩ influx could act as a second messenger for the activations of other signaling molecules, such as, pyk2, paxillin, and MAPK (14, 15) . KCl treatment induced phosphorylation of moesin at Thr-558 in PC12 cells, and this phosphorylation was PKA-and Rac-dependent, but independent of depolarization and Ca 2ϩ influx. Therefore, we looked for effects caused by KCl in neuronal cells in addition to depolarization. Recently, Steinert and Grissmer (16) reported that high K ϩ induced chloride conductance in human T lymphocytes. Here, we report that K ϩ -induced chloride conductance is indeed involved in the activation of PKA and Rac1, and in the subsequent phosphorylation of moesin. Moreover, blocking chloride channels abolished moesin phosphorylation, but not the Ca 2ϩ -dependent activation of ERKs. These findings imply that KCl activates at least two separate pathways in PC12 cells, namely, a calcium-dependent pathway and a chloride conductance-dependent pathway.
EXPERIMENTAL PROCEDURES
Immunoblotting-For immunoblotting, PC12 cells were washed with phosphate-buffered saline once, and then solubilized with 100 l of 1ϫ Laemmli sample buffer. Thirty micrograms of cell lysates was electrophoresed in 10% or 15% SDS-polyacrylamide gel and transferred to nitrocellulose membranes, which were then incubated with anti-moesin polyclonal (TM2), anti-phosphoERM (pThrERM) polyclonal, anti-phosphoMAPK (Cell Signals), anti-MAPK (Santa Cruz Biotechnology), antiRhoA (Santa Cruz Biotechnology), and anti-Rac1 monoclonal (BD Transduction Laboratories) antibodies for 2 h at room temperature. After washing with TBS-T (Tris-buffered saline-Tween 20 0.05%), the blots were incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG, and the bands were visualized using the ECL system (Pierce). Molecular weights were determined by comparing the mobilities of protein bands with prestained molecular weight markers (Invitrogen).
Cell Culture and Transfection-PC12 cells were obtained from the American Type Culture Collection (Rockville, MD) and maintained in RPMI containing 10% horse serum and 5% fetal bovine serum at 37°C, under 5% CO 2 . PC12 cells were seeded at 1 ϫ 10 6 in a 6-well plate coated with poly-L-lysine (Sigma). For KCl treatment, the cells were cultured in RPMI containing 0.5% horse serum for 16 h. The next morning, the medium was replaced with Kreb's bicarbonate buffer (126 mM NaCl, 3.5 mM KCl, 1.2 mM NaH 2 PO 4 , 1.3 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, 25 mM NaHCO 3 , pH 7.3) for 1 h and then stimulated with or without 60 mM KCl for various periods (2, 5, 10, 30 , and 60 min).
To induce membrane depolarization, PC12 cells were incubated in Kreb's bicarbonate buffer containing the potassium channel blockers, 1 mM TEA, and 10 mM BaCl, for 5 min. For the inhibition experiments, PC12 cells were incubated in Kreb's bicarbonate buffer containing 10 M protein kinase A (PKA) inhibitor H89, 10 M myristoylated PKA inhibitor peptide (Calbiochem, #476485), 10 M nifedipine, 200 M NPPB (5-nitro-2-(3-phenylpropylamino)benzoic acid), 500 M SITS (4-acetamido-4Ј-isothiocyanatostilbene-2,2Ј-disulfonic acid), or 1 mM 9-anthracene carboxylic acid for 30 min before KCl treatment. 1 mM EGTA was added to the culture medium 10 min before the KCl treatment to chelate calcium in the media.
To establish stably expressed N17Rac1 PC12 cells, plasmids (3.2 g of pcDNA N17Rac1 or empty vectors) were transfected into the PC12 cells using Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer's instructions. Transfected cells were then selected using 500 g/ml G418 for 3 days and then maintained in 50 g/ml G418. Cloned cells were verified by immunoblotting cell lysates with antiRac1 monoclonal antibody. The transfected cells were cultured in RPMI containing 0.5% horse serum for 16 h and then stimulated with or without 60 mM KCl for 10 min.
RhoA and Rac1 Activity Assays-RhoA and Rac1 activities were measured as described by Ren et al. (17) . PC12 cells (2 ϫ 10 7 cells) were seeded in 100-mm culture dishes and serum-starved in 0.5% horse serum RPMI for 18 h. The cells were then treated with or without 60 mM KCl. For RhoA activity assays, the cells were lysed with ice-cold radioimmune precipitation assay buffer (25 mM Tris, pH 7.5, 250 mM NaCl, 5 mM MgCl 2 , 1 mM sodium orthovanadate, 0.25% sodium deoxycholate, 0.05% SDS, 0.5% Triton X-100, 1 mM PMSF, 1 mM dithiothreitol, 1 g/ml aprotinin, and 1 g/ml leupeptin) for 15 min on ice. The cell lysates were then passed 10 times through a 23-gauge needle and centrifuged at 10,000 ϫ g for 10 min at 4°C. Supernatants were incubated with 30 g of the GST-Rho-binding domain of mouse rhotekin (GST-RBD)-bound glutathione-Sepharose beads for 60 min at 4°C. For Rac1 activity assays, cells were resuspended in 200 l of NS buffer (25 mM Tris, pH 7.5, 1.5 mM MgCl 2 , 1 mM sodium orthovanadate, 1 mM PMSF, 1 g/ml aprotinin, and 1 g/ml leupeptin) for 10 min on ice, and then passed 10 times through a 23-gauge needle. After adding 200 l of 2ϫ no-salt-lysis buffer (50 mM Tris, pH 7.5, 10 mM MgCl 2 , 2% Nonidet P-40, 1 mM sodium orthovanadate, 1 mM PMSF, 1 g/ml aprotinin, and 1 g/ml leupeptin), cell lysates were passed through a 23-gauge needle 10 times, and then placed on ice for 5 min. 400 l of high salt-binding buffer (25 mM Tris, pH 7.5, 30 mM MgCl 2 , 100 mM NaCl, 0.5% Nonidet P-40, 1 mM sodium orthovanadate, 1 mM PMSF, 1 g/ml aprotinin, and 1 g/ml leupeptin) was then added, and the cell lysates were centrifuged at 10,000 ϫ g for 10 min at 4°C. Supernatants were incubated with 30 g of the GST-Rac/Cdc42-binding domain of rat PAK3 (GST-PBD)-bound glutathione-Sepharose beads for 60 min at 4°C. Beads were washed three times with wash buffer (25 mM Tris, pH 7.5, 40 mM NaCl, 30 mM MgCl 2 , 1% Nonidet P-40, and 1 mM dithiothreitol), and bound proteins were eluted with Laemmli sample buffer, separated by 15% SDS-PAGE, and analyzed by immunoblotting with mouse monoclonal anti-RhoA and anti-Rac1 antibodies.
Whole-cell Patch Clamp-Cells were transferred into a bath on the stage of an inverted microscope (IX-70, Olympus, Tokyo, Japan). The bath (ϳ0.3 ml) was superfused with a modified Tyrode's solution, as described previously (16) , containing 160 mM NaCl, 4.5 mM KCl, 5 mM HEPES, 1 mM MgCl 2 , 2 mM CaCl 2 , and 5 mM glucose, pH adjusted to 7.4 with NaOH. For high KCl bath solution all Na ϩ was replaced by an equimolar amount of K ϩ . For selectively recording Cl Ϫ currents, a mixture of K ϩ channel blockers (10 mM TEA and 1 mM BaCl 2 ) was added to the bath perfusate (both NaCl and KCl bath solution). The pipette solution contained 155 mM potassium aspartate, 5 mM HEPES, 10 mM EGTA, 2 mM MgCl 2 , 1 mM CaCl 2 , 3 mM Mg-ATP, at pH 7.4 (titrated with KOH). The bath was superfused at a velocity of 10 ml/min, and voltage clamp experiments were performed at room temperature. Patch pipettes with a free-tip resistance of 2.5-3 megohms were connected to the head stage of a patch-clamp amplifier (Axopatch-1D, Axon Instruments, Foster City, CA). Liquid junction potentials were corrected for using an offset circuit before each experiment and a KCl (1 M)-agar bridge was used as a reference. pCLAMP software version 7.0 and Digidata-1200A (both from Axon Instruments) were used for data acquisition and to apply command pulses. Voltage and current data were low pass filtered (5 kHz), stored in a Pentium-grade computer, and analyzed using Origin version 6.1 software (Microcal Software Inc., Northampton, CA).
RESULTS
Moesin Phosphorylation at Thr-558 in 60 mM KCl-treated PC12 Cells-ERM protein expressions are tissue type-dependent. Therefore, we examined the levels of each ERM family protein in PC12 cells. As was found in H19 -7/IGF-IR cells, moesin was the predominant ERM protein in PC12 cells; ezrin was also expressed but at a much lower level than moesin, and radixin was barely expressed (data not shown), which was consistent with a previous report (18) . Anti-p-ThrERM antibody detected mainly one band in PC12 cell lysate, and this band corresponded to moesin. Thr-558 of moesin was phosphorylated in PC12 cells even without stimulation, as reported previously (4), but 60 mM KCl treatment rapidly increased moesin phosphorylation at Thr-558. Moesin phosphorylation was transient; it increased at 2 min, peaked at 5 min (twice the basal level), which lasted until 30 min, and returned to basal level after 60 min of KCl treatment ( Fig. 1) . At which time the amount of moesin was unchanged versus its initial level; this was confirmed by reprobing the membrane with the moesinspecific antibody, TM2 (Fig. 1) .
Rac1 Is Involved in the Phosphorylation of Moesin Induced by KCl-The Rho family proteins, RhoA, Rac1, and Cdc42, have been implicated in the phosphorylation of moesin in various cell lines; previously we reported that RhoA is activated by glutamate treatment in hippocampal neuronal cells (9) . To determine whether the RhoA family proteins are involved in the phosphorylation of moesin by KCl, we examined the activities of RhoA, Rac1, and of Cdc42 in PC12 cells after 60 mM KCl treatment by measuring the amounts of RhoA bound to the GST-fused RhoA-binding domain of rhotekin (GST-RBD) or Rac1/Cdc42 bound to the GST-fused Rac/Cdc42-binding domain of PAK3 (GST-PBD). KCl treatment induced a rapid increase in the amount of cellular GTP-bound Rac1 in PC12 cells but did not increase the amount of cellular GTP-bound RhoA (Fig. 2) . The amount of GTP-bound Cdc42 was barely detectable in either KCl-treated or untreated PC12 cells, suggesting that the activity of Cdc42 in PC12 cells was very low and was not increased by KCl treatment (data not shown). These results indicate that KCl activates Rac1, but not RhoA, in PC12 cells. Increased Rac1 activity was observed after 2 min of KCl treatment, and this gradually increased to 10 min, which coincided with the phosphorylation of moesin at Thr-558, thus suggesting that Rac1 might be involved in the phosphorylation of moesin at Thr-558. To confirm the involvement of Rac1 in moesin phosphorylation, we established PC12 cells expressing dominant negative Rac1, N17 Rac1, and vectoronly-transfected cells. We selected two clones (numbers 9 and 38), which expressed more than three times as much N17Rac1 as endogenous Rac1 (Fig. 3A) . KCl-induced moesin phosphorylation was significantly suppressed in both of the N17Rac1-expressing cells (Fig. 3B ), but not in control cells. These results indicate that Rac1 is indeed involved in moesin phosphorylation by KCl in PC12 cells. Previously, we demonstrated that Rho-kinase is downstream of Rho in glutamate-induced moesin phosphorylation in hippocampal neuronal cells. Thus we studied whether Rho-kinase is also downstream of Rac1 in the KCl-induced phosphorylation of moesin in PC12 cells, however, we found that pretreatment with the Rho kinase inhibitor, Y-27632, did not suppress KCl-induced moesin phosphorylation (data not shown). Further study will be needed to elucidate the kinase involved in moesin phosphorylation, which is activated by KCl treatment as a downstream effecter of Rac1 in PC12 cells.
KCl-induced Rac1 Activation Is Dependent on PKA in PC12 Cells-In previous study, we were unable to identify the upstream signaling pathway of Rho activation by glutamate treatment in hippocampal neuronal cells, because the pathways upstream of RhoA are not known. On the other hand, PKA has been suggested to be an upstream kinase for the activation of Rac1 in EGF-stimulated cells (19) . Therefore, we examined the possibility of PKA involvement in the activation of Rac1 by KCl treatment in PC12 cells. The inhibition of PKA activity with a specific inhibitor H89, completely abolished Rac1 activation (Fig. 4A ) and moesin phosphorylation in PC12 cells (Fig. 4B) . Because H89 is known to inhibit other kinases in addition to PKA (20) , we studied the effect of another PKA inhibitor, cell-permeable myristoylated PKA inhibitor peptide (14 -22 amide), on the phosphorylation of moesin. The myristoylated PKA inhibitor peptide also abolished the phosphorylation of moesin after KCl treatment (data not shown). To confirm PKA involvement in moesin phosphorylation, PC12 cells were treated with 10 M forskolin to increase intracellular cAMP levels, and it was found that the temporal pattern of forskolin-induced moesin phosphorylation was similar to that of KCl treatment (Fig. 4C) . These results suggest that PKA activation is involved in the activation of Rac1 and in the phosphorylation of moesin at Thr-558 in PC12 cells by KCl treatment. Although the inhibition of PKA and Rac1 abolished moesin phosphorylation by KCl treatment, it did not affect the basal level of phosphorylated moesin, suggesting another pathway of moesin phosphorylation exists in PC12 cells and that it is independent of PKA and Rac1 activation. We previously reported a RhoA-dependent pathway in hippocampal neuronal cells (9) , and the present study indicates that at least two Rho family proteins are involved independently in the phosphorylation of moesin at Thr-558 in neuronal cells and that these are activated in stimulus-specific manner.
KCl-induced Moesin Phosphorylation Is Independent of Calcium Influx and Membrane Depolarization in PC12 Cells-KCl treatment of PC12 cells induces plasma membrane depolarization and Ca 2ϩ influx into the cells. To examine whether KClinduced moesin phosphorylation at Thr-558 is dependent on Ca 2ϩ influx, we eliminated calcium from the culture medium before KCl treatment. The elimination of extracellular Ca 2ϩ with 1 mM EGTA did not suppress KCl-induced moesin phosphorylation at Thr-558 in PC12 cells (Fig. 5A) . To confirm the result, we inhibited the L-type calcium channels with a specific blocker, nifedipine, because it is known that KCl-induced depolarization increases Ca 2ϩ influx into cells mainly by opening these calcium channels in PC12 cells (21) . Nifedipine also failed to inhibit KCl-induced moesin phosphorylation (Fig. 5A) . Moreover, the elimination of intracellular calcium with 10 M 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic (BAPTA-AM) did not affect KCl-induced moesin phosphorylation (data not shown). We also examined the calcium dependence of Rac1 activation by KCl in PC12 cells and found that nifedipine treatment had no effect on KCl-induced Rac1 activation (Fig. 5B) . These results suggest that KCl-induced moesin phosphorylation is independent of calcium signaling pathways in PC12 cells.
We then examined whether membrane depolarization per se is involved in moesin phosphorylation. To evoke membrane depolarization without changing the extracellular K ϩ concentration, a mixture of K ϩ channel blockers (1 mM TEA and 10 mM BaCl) was applied. Combined treatment with TEA and Ba 2ϩ did not induce moesin phosphorylation, but it did induce strong calcium-dependent (data not shown) MAPK phosphorylation in PC12 cells (Fig. 5C) (16, 22) . Therefore, we investigated whether 60 mM KCl changes chloride conductance in PC12 cells by using the whole cell patch clamp technique. Fig. 6 shows an averaged series of currents elicited by voltage ramps from Ϫ90 to 60 mV (0.03 V/s) obtained from four PC12 cells. Throughout the experiment, a mixture of K ϩ channel blockers (1 mM BaCl and 10 mM TEA) was used to minimize the interference from K ϩ currents. The membrane current induced by ramp depolarization showed an outwardly rectifying shape in the control solution. However, the application of KCl bath solution increased this membrane conductance, which peaked after 10 min, while retaining this outwardly rectifying shape. The addition of Cl Ϫ channel blocker (200 M NPPB) completely abolished the outwardly rectifying current and the basal current, indicating that both KCl-induced and basal level conductance were chloride channel-dependent. Under the KCl bath solution (i.e. isotonic replacement of NaCl with KCl, see "Experimental Procedures"), the equilibrium potential for K ϩ (E K ) was very close to 0 mV according to the Nernst equation: E K ϭ 58 mV ϫ log(164.5 mM/155 mM) ϭ 1.5 mV. In contrast, considering the partial permeability of aspartate to Cl Ϫ channels (P aspartate / P Cl ϭ 0.1, Ref. 22 ), the net equilibrium potential for permeable anion would be 58 mV ϫ log{[6 mM ϩ (0.1 ϫ 155 mM)]/170.5}, approximately Ϫ52 mV. The high K ϩ -induced membrane current in PC12 cells reversed its direction at Ϫ40 mV, i.e. close to Ϫ52 mV but far from 0 mV (arrowhead in Fig. 6 ). Taken together with the sensitivity of chloride conductance to NPPB, these data suggest that an isotonic increase of extracellular K ϩ activates outwardly rectifying Cl Ϫ channels in PC12 cells.
KCl-induced Rac1 Activation and Moesin Phosphorylation Are Dependent on the Activation of Cl
Ϫ Channels in PC12 Cells-To determine whether KCl-induced chloride current is involved in Rac1 activation and moesin phosphorylation in PC12 ells, we pre-treated PC12 cells with the volume-sensitive Cl Ϫ channel blocker, NPPB (200 M). To exclude the possibility that moesin phosphorylation by 60 mM KCl might be induced by the hyperosmolarity caused by the addition of KCl, PC12 cells were treated with KCl iso-osmotically, in which NaCl was totally replaced with KCl. NPPB completely suppressed the phosphorylation of moesin at Thr-558 and also the activation of Rac1 by iso-osmotic KCl (Fig. 7, A and C) . To investigate the possibility that NPPB may nonspecifically inhibit other signaling molecules in addition to the chloride channel, we also treated PC12 cells with other commonly used chloride channel blockers, SITS or 9-anthracene carboxylic acid. Both of the blockers suppressed KCl-induced moesin phosphorylation (Fig.  7A, graph) . These results indicate that KCl-induced Rac1 activation and moesin phosphorylation are dependent on the activation of Cl Ϫ channels. We also examined whether chloride channel blocking affects the MAPK pathway, which is activated by KCl-induced Ca 2ϩ influx in PC12 cells, but NPPB pretreatment did not affect MAPK activation by KCl treatment in PC12 cells (Fig. 7B) . These results indicated that KCl may evoke at least two different ion transport in PC12 cells: calcium and chloride. The former activates the calcium-dependent MAPK pathway, and the latter Rac1, leading to the activation of an unknown kinase that phosphorylates moesin at Thr-558. DISCUSSION This study demonstrates that 60 mM KCl induces the phosphorylation of moesin at Thr-558 in PC12 cells PKA and Rac1 dependently. To our surprise, this signaling pathway was activated not by the depolarization-induced Ca 2ϩ influx, but rather by K ϩ -induced chloride conductance, which was only recently reported and has not been implicated in the activation of intracellular signaling pathways (16, 22) . It is well known that KCl induces depolarization of the plasma membrane and Ca 2ϩ influx into PC12 cells and subsequently activates diverse calcium-dependent signaling pathways, such as Ras-ERK. However, KCl-induced moesin phosphorylation was independent of the depolarization of the plasma membrane and Ca H19 -7/IGF-IR cells and that this process is independent of calcium influx (23) . These results indicate that moesin in neuronal cells is phosphorylated by calcium-independent signaling pathways. So far, only one report on calcium-independent cellular response after KCl-induced depolarization has been issued. Mark et al. (21) demonstrated that the neurite outgrowth by EGF and KCl treatment in PC12 cells is calcium-independent but cAMP-dependent. When we treated PC12 cells with EGF and induced depolarization with potassium channel blockers, we did not observe neurite outgrowth (data not shown), which suggests that KCl-induced depolarization is not involved in the neurite outgrowth induced by EGF and KCl and that KCl-induced chloride conductance might be involved in cAMPdependent PC12 neurite outgrowth by EGF and KCl. This possibility is currently under investigation.
KCl-induced chloride conductance was first reported in human T lymphocytes (16) . More recently, this same group suggested that volume-sensitive chloride channel is involved in KCl-induced chloride conductance in human osteoblasts, which is activated by volume increases induced by K ϩ and Cl Ϫ influx through K-Cl co-transporter (22) . In the present study, we also observed high KCl-induced chloride conductance in PC12 cells. Although we have not rigorously determined whether the Cl Ϫ current induced by high KCl in PC12 cells is also volumesensitive, the characteristic outwardly rectifying voltage dependence suggests that volume-sensitive Cl Ϫ channels might have been also activated in the present study. In addition, the chloride conductance was completely blocked by NPPB, which is known to block volume-sensitive chloride channels. However, we cannot exclude the possibility of other types of chloride channels, because the commonly used Cl Ϫ channel blockers are not selective to the specific subfamilies of Cl Ϫ channels, and two other chloride channel blocker, SITS and 9-anthracene carboxylic acid, also inhibited moesin phosphorylation by KCl treatment. We are currently investigating the characteristics of the chloride channel(s) involved in high KCl-induced chloride conductance in PC12 cells.
Ion movements through membranes have been implicated in a variety of cellular responses to extracellular stimuli, but the majority of studies have focused on cations such as Ca 2ϩ , Na ϩ , and K ϩ . However, there is evidence that chloride channels are involved in the regulation of cell cycle and cell proliferation (24) . It was reported that the volume-activated chloride channel is absent in non-dividing cells (25) and that in PC12 cells a volume-activated chloride channel blocker inhibited proliferation (26) . Moreover, chloride channel blockers, such as SITS and 4,4Ј-diisothiocyanostilbene-2,2Ј-disulfonic acid, inhibited the apoptosis induced by staurosporine in neuroblastoma cells (27) , suggesting that chloride channels are also involved in apoptosis. However, the signaling pathways or molecules distal to the chloride channel involved in the regulation of these cellular processes have not been elucidated. Our present study shows for the first time that chloride conductance is involved in the activation of the intracellular signaling molecule, Rac1, and our results suggest that chloride conductance is involved in more diverse functions than electrophysiological signaling.
The elimination of Rac1 activation and moesin phosphorylation by PKA inhibitor suggests that PKA is a key signaling molecule for moesin phosphorylation in PC12 cells by KCl treatment. Moesin phosphorylation on increasing intracellular cAMP with forskolin confirmed this notion. KCl-induced PKA activation was reported to be calcium-dependent (28) . However, the same group also showed the existence of a calcium-independent pathway to adenylyl cyclase activation when cells were co-stimulated with KCl and isopreterenol. As mentioned earlier, Mark et al. (21) demonstrated that neurite outgrowth stimulated by EGF and KCl is cAMP-dependent, but calcium-independent. These results suggest that at least two pathways lead to PKA activation in neuronal cells, a calcium-dependent and a calcium-independent pathway. Our observations also suggest that KCl activated PKA in PC12 cells via calcium-dependent and calcium-independent mechanisms. The inhibition of PKA abolished both ERK activity (data not shown) and Rac1 activity, and the activation of ERK was calcium-dependent, whereas the activation of Rac1 was calcium-independent though chloride conductance-dependent. However, it is not clear whether chloride conductance is directly involved in the activation of PKA by KCl in PC12 cells, because cAMP did not increase in PC12 cells after KCl treatment (data not shown). Others have also reported failing to detect increased cAMP after KCl treatment (29) , suggesting that any increase in cAMP by KCl might be too small to be detected or that the increase is confined to certain cell compartments. FIG. 7 . KCl-induced Rac1 activation and moesin phosphorylation are dependent on the activation of Cl ؊ channels in PC12 cells. A, serum-starved PC12 cells were preincubated with 200 M NPPB, 500 M SITS, or 1 mM AC for 30 min, and then stimulated or not stimulated with iso-osmotic high KCl (NaCl was completely replaced with KCl) for 2, 5, and 10 min. Cell lysates were electrophoresed in SDS-PAGE and analyzed by immunoblotting with anti-p-ThrERM or TM2 antibodies. The intensity of phosphorylation and total moesin was quantitated by densitometry, and the amounts of phosphorylated moesin were normalized versus total moesin. The data represent the means Ϯ S.E. of four independent experiments. B, the lysates of A were electrophoresed and immunoblotted with anti-p-MAPK or MAPK antibodies. The amounts of phosphorylated MAPK were normalized versus total MAPK. The data represent the means Ϯ S.E. of four independent experiments. C, serum-starved PC12 cells were preincubated with 200 M NPPB for 30 min and then stimulated or not stimulated with 60 mM KCl for 5 min. Whole cell lysates were incubated with GST-PBD, and the amounts of GTP-bound Rac1 were determined by immunoblotting with anti-Rac1 antibody. The data shown represent means Ϯ S.E. of four independent experiments. "C" represents unstimulated cells.
PKA-dependent Rac activation has been well documented. PKA is necessary for cadherin-mediated cell-cell adhesion in epithelial cells (30) , a process that is dependent on Rac (31). Also, Rac was found to be an intermediate in the PKA-dependent activation of p38 mitogen-activated protein kinase (p38 MAPK) in response to thyroid-stimulating hormone (32) , and PKA was found to be required for the Rac-dependent migration of carcinoma cells (19) . Nevertheless, the present study is the first to show PKA-dependent Rac1 activation in a neuronal cell line. The mechanism of Rac activation by PKA is not well understood. Direct phosphorylation of Rac1 by PKA is unlikely, because Rac does not have a consensus PKA phosphorylation site. PKA may regulate Rac indirectly by modifying regulators of Rac activation. For example, both Tiam-1 and Trio, which are guanine nucleotide exchange factors, are involved in Rac activation and have consensus PKA phosphorylation sites (34) .
It has been reported that the expressions of constitutively active mutants of the Rho family proteins, RhoA, Rac, and Cdc42, induce phosphorylation on the C-terminal threonine residue of ERM proteins (8) . Previously, we reported that RhoA is involved in the phosphorylation of moesin in H19 -7/IGF-IR cells by glutamate (9, 23) . In the present study, we found that KCl induced the activation of Rac1, but not of RhoA, and that both RhoA and Rac1 are involved in the phosphorylation of ERM family proteins in neuronal cells, but importantly, that these two Rho family proteins are activated by different signaling pathways. The Rho family GTPases (Rac1, RhoA, and Cdc42) have been implicated in the regulation of actin cytoskeletal structures, such as lamellipodia and filopodia, and also in cell attachment and contractility (35) . In neurons, it is apparent that Rac1 and Cdc42 induce, whereas RhoA inhibits, neurite outgrowth (36) . Because KCl induces the activation of Rac1 in PC12 cells, and KCl was previously reported to induce neurite outgrowth in PC12 cells (21, 37, 38) , it appears possible that KCl-induced Rac1 activation and the activated Rac1-mediated phosphorylation of moesin may be involved in neurite outgrowth in PC12 cells.
Thr-558 of moesin has been reported to be effectively phosphorylated in vitro by Rho-kinase, phosphatidylinositol-4-phosphate 5-kinase, PKC-, or myotonic dystrophy kinaserelated Cdc42-binding kinase (5, 8, 39, 40) . However, the kinases involved in moesin phosphorylation in vivo remain controversial. Initially, Rho-kinase was suggested to be a downstream kinase for the phosphorylation of ERM proteins (41) , and this was supported by the phosphorylation of moesin by dominant Rho-kinase in transfected COS cells (39) . In a previous study, we also demonstrated that the phosphorylation of moesin by glutamate is mediated by Rho-kinase in hippocampal neuronal cells. However, Rho-kinase phosphorylated the myosin light chain, and not ERM proteins in glioma cells (42) , and Matsui et al. (43) reported that the inhibition of phosphatidylinositol-4-phosphate 5-kinase, rather than Rho-kinase, eliminated the threonine phosphorylation of ERM proteins in NIH 3T3 cells by lisophosphatidic acid stimulation. These reports suggest that ERM proteins are phosphorylated by different kinases in a cell and stimulation type manner. In this study, KCl-induced moesin phosphorylation was independent of Rho-kinase activation (data not shown), suggesting that different stimuli activate different kinases to phosphorylate ERM proteins. We didn't check whether glutamate also activates RhoA in PC12 cells, because PC12 cells do not contain glutamate receptors. So far, there is no report on Rac-activated kinase responsible for the phosphorylation of moesin. Recently, p21-activated kinase PAK2 was reported to phosphorylate merlin, a member of the band 4.1 superfamily, which includes ERMs, in a Rac/cdc42-dependent fashion (44) , suggesting the possibility that PAK may be a Rac1-dependent moesin kinase. But our preliminary results indicated that PAK might not be the moesin kinase in PC12 cells. We couldn't detect the expression of PAKs by Western blot in PC12 cell, and expression of active PAK2 in 293 cells did not increase the phosphorylation of co-expressed moesin (data not shown).
In conclusion, we demonstrated moesin phosphorylation at Thr-558 by KCl treatment in PC12 cells. KCl also activated Rac1 in PC12 cells, and this activation and moesin phosphorylation were found to be dependent on PKA activation and chloride conductance, but independent of KCl-induced membrane depolarization and calcium influx. With previous reports, our result show that there are at least two different pathways to moesin phosphorylation in neuronal cells, one is RhoA-Rho kinase-dependent, and the other is Rac1-dependent. We also showed, for the first time, that KCl-induced chloride conductance is involved in the intracellular signal activation that resulted in Rac1 activation and moesin phosphorylation. The chloride conductance-dependent pathways responsible for activating downstream signaling molecules remain to be elucidated.
